Introduction
Biomechanics, through the development of joint physical models, allow us to obtain quantitative and qualitative descriptions of the joint function, useful data for both clinical practice and research (Limb, 2014) . The shoulder joint complex presents a challenge regarding the development of physical models due to its complexity, composed by four joints (glenohumeral, acromioclavicular, scapulothoracic and sternoclavicular) and a wide variety of muscle-ligamentous structures (Kapandji, 2012 (Hurov, 2009) . In this way, it performs the three pairs of basic motions (fl exion/extension, abduction/adduction and internal/external rotation), and the sum of the three groups results in circumduction.
The knowledge on the shoulder biomechanical function is essential to understand the physiology and pathology associated to this joint. Multiple theoretical models have been proposed for biomechanical studies: cadaver-based studies (Van der Helm & Veenbaas, 1991) , fi nite-element studies (Büchler et al., 2002) , kinematic studies (Klopčar et al., 2007) , kinematic studies using skin-markers (Jackson et al., 2012) , force prediction models of the glenohumeral group (Charlton & Johnson, 2006) .
The Standardization and Terminology Committee (STC) of the International Society of Biomechanics (ISB) proposes a defi nition of a joint coordinate system (JCS) for the analysis of shoulder movement. A standard for the local coordinate systems (LCS) and the rotations for the LCS is generated. The ISB recommendations have been used in this model, in order to study the equilibrium kinematics position (Wu et al., 2005) . Figure 1 shows the coordinate systems (X h Y h Z h ), on the basis of the lateral epicondyle (EL), medial epicondyle (EM), and Glenohumeral rotation centre (GH), that matches the origin of the LCS. In the same fi gure the coordinate system of the sternoclavicular (SC) and acromioclavicular (AC) joint also are observed.
with the exclusive load's own weight and the scapula in a physiological level (Rull & Cunillera, 2005) . Ludewig et al. (2010) compare 3D scapular kinematic values obtained from the original and current ISB recommended shoulder standards during humeral elevation in the scapular plane. The current standard interprets the same scapular motion with less internal rotation and upward rotation, and more posterior tilting than the original. Phadke et al. (2011) have made a comparison of the description of glenohumeral motion using the ISB recommended with different rotation sequences. These investigations were part of a larger study of shoulder complex motion (Ludewig et al., 2009) . Van der Helm & Veenbaas (1991) developed a method that takes into account the geometry insertions and size, as well as the distribution of the fi bres in the muscle. In this way, the complete fi xation of the muscle is described mathematically, as well as a map of the fi bre distribution from the origin up to the insertion. This map defi nes the number of force vectors, properly representing the mechanical effect of the muscle. Given the high number of vectors, a simplifi cation was carried out, maintaining a negligible error in the mechanical effect. Part of this concept is used to develop the physical model of the shoulder joint complex. Musculoskeletal structures are used, identifying on these the origin and insertion of all the muscular fi bres to build the model, and evaluate the forces involved in different equilibrium positions, on the basis of the ISB recommendations (Wu et al., 2005) . Nordin et al. (2004) estimate the motive force for a 90º abduction: they assume that only the deltoid muscle is active and that it acts at a distance of 3 centimetres (cm) above the centre of rotation of the humeral head (GH). Three forces are considered for this calculation: the deltoid force as agonist; the joint reaction over the glenohumeral force (J) as antagonist and the weight of the arm (0,05 times the Body Weight (BW) and it acts at a 30 cm distance from the GH). This trial is shown in Figure 2 . The reaction forces are obtained from the glenohumeral joint based on simplifying assumptions (Poppen & Walker, 1978) . D and J forces are calculated using equation (4), which corresponds to the equilibrium of moments. Forces D and J are equal but of opposite magnitude, so it is estimated as half of the body weight. According to theory, the deltoid muscle would do between 500 and 700 Newtons (N). Nikooyan et al. (2010) applies a monitoring technique to measure the kinematics of the three-dimensional glenohumeral joint in vivo. The shoulder and elbow model is used to estimate the muscle and joint reaction forces in the shoulder and the elbow. The model has been qualitatively verifi ed with electromyography. The estimated values of the forces of the arm maintaining a static position at adduction up to 90º are in the order of magnitude commented by Nordin et al. (2004) for a person's average weight of 70 Kilograms (Kg). This study proposes a real scale physical model of the shoulder joint in order to understand its biomechanical function and also, for future researches. This work is carried out in real scale because it is diffi cult to represent the force actions associated to the shoulder since the multiple muscles involved act in different ways. The aim of this research is to design, develop and validate an experimental method of the physical model applicable to the force analysis to which the shoulder joint complex is subjected in the considered static equilibrium positions.
To develop a physical model of the shoulder, an appropriate bone moulding technique is required, and mount it on the full anatomical model of the human skeleton (Jago, 2010) . Below, the muscular insertions and origins are moulded (Drake et al., 2009) . The muscular actions are simulated with orthodontic elastomeric chains (Nordin et al., 2004) ; the equilibrium kinematics positions are studied and fi nally, the results obtained from the comparison with other authors are analysed.
The model has 12 real degrees of freedom, which allows to make motions such as abduction, fl exion, adduction and extension; the resultant forces of the muscles in the static equilibrium positions are considered acceptable, compared with the literature of the agonist and antagonist muscles involved in the three equilibrium positions studied (Nordin et al., 2004; Kapandji, 2012; Drake et al., 2009 ).
Materials and Methods

Bone moulding technique
The starting point of the physical model begin at the collection, cleaning and reconstruction of the real bones of the shoulder joint group: clavicle, scapula and humerus. A replica of the real bones is made with resin using blockmoulding techniques. The weight of the replicas must be similar to the real bones. The moulding technique is made by liquid polyurethane resin glue in silicone moulds (Figure 3 ).
Once the replicas are made, the burrs and remaining sprues are removed, and the defects are repaired. The assembly of the moulded replica is made on a full anatomical model of the human skeleton (Jago, 2010) . 
Muscular insertions and origins modelling
Every muscle and ligament has an origin and an insertion in a bone element (Drake et al., 2009) . The representation of the bundles of the different muscles involved in the shoulder girdle has been carried out: deltoid, supraspinatus, infraspinatus, teres minor, subscapularis, teres major, trapezius, levator scapulae, rhomboid, latissimus dorsi, biceps brachii, pectoralis major, pectoralis minor, coracobrachialis muscles.
For a better traceability between the origin and insertions areas and to know which bundles are inserted in one point or another, the bundles have been numbered and they have been also associated to a point of the muscle origin and insertion area.
Simulation of muscular actions
The muscles have been simulated with orthodontic elastomeric chains. These ones have been mechanically characterised with creep tests (constant traction), the results of which are shown in fi gures 4 and 5 (Hobbie & Roth, 2015) .
To calculate the difference in length of the chain, the starting point was a determined Anatomical Position (AP) and the holes in the chain have been measured, which need to be shortened; this is, subtracting from the end (prime mover or agonist muscle) or extending; this is, adding towards the end (reaction or antagonist muscle) regarding such anatomical position, to balance a certain position. By measuring this difference in length, the axial force throughout the chain can be obtained. This action is observed in fi gure 6 and in the equation (I). The chains simulating the agonist muscles are loosened (∆L < 0) and the antagonist muscles are tensed (∆L > 0) when a motion is made from the AP up to the sought amplitude.
The tests are carried out within a short time interval, therefore, the mechanical behaviour of the chains is approximated to an ideal spring. In other words, the relationship between charge and elongation is linear and is represented in Equation (1). This equation will be used to measure the force of muscle bundles. Where k is the spring constant (obtained by the tests of fi gure 4), and ∆L is the difference in length.
The fi brocartilaginous surfaces have been simulated using silicone (Wang & Yu, 2004) , since it is the material that allows moulding each of the impellers/meniscus more easily. However, it does not provide all the elasticmechanical properties of the deformation (Liu, 2017) .
Assembly on the skeleton. Tie down system and external load transmission
The assembly process starts with the profundus muscles that join the scapula with the vertebral column, for a later positioning of the profundus muscles that join the humerus with the scapula. Subsequently, the clavicle is placed, with majority origins of superfi cial muscles, and fi nally, the placement of superfi cial bundles is continued. Lastly, the arm muscles and ligaments are placed. A fi rst full assembly is carried out to evaluate the length of each muscular bundle in the physiological anatomical position.
Kinematic equilibrium positions
The choice is made to study three equilibrium positions of the shoulder that people make every day, in other words, actions such as combing their hair, eat, put on a belt, play a sport, etc. These actions involve a variety of motions that are a combination of the three kinematic positions being studied (Murray & Johnson, 2004) . The equilibrium positions that are going to be studied are: 60º fl exion, 60º abduction and 30º abduction and fl exion.
Kinematics analysis
The muscular function starts from a kinematic analysis, in which the forces that make motions possible are studied. One muscle can have three different actions throughout a motion, therefore, it is diffi cult to calculate the total muscular forces. The validity of the built model is analysed; this is, the mobility or stiffness, once all the chains are placed in the anatomical position.
The three Degrees of Freedom (DoF) of the glenohumeral, scapulothoracic, sternoclavicular and acromioclavicular joints are verifi ed. This is verifi ed by making some motions such as: antepulsion and retropulsion, internal and external rotation, scapular depression and elevation, and longitudinal rotation of the clavicle (Total: 12 DoF). The model has three DoF for each joint as described above, which allows the orientation of the shoulder in relation to the three planes of 
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the space, and to the three axes of the coordinate system (Wu et al., 2005) . This is verified by making some rotation motions (abduction, flexion, adduction and extension) shown in figure 7. In none of them the shoulder suffers a luxation, even if it presents some stiffness when making bigger amplitudes than 60º at abduction and flexion, due to the fact that the chains cannot represent the muscles in all of their physiological characteristics. Nevertheless, as the aim of this model is a kinematic and kinetic analysis, and not a dynamic one, the fibres have the proper length. Figure 1 shows the rotation matrix of the coordinate system (Wu et al., 2005) . Equation (2) represents the sum of the forces at the x axis equals 0; Equation (3) is the sum of the forces at the y axis and equals 0; and Equation (4) is the sum of the moments of each force regarding the Instant Centre of Rotation (ICR) equals 0.
Given the complexity of the model, due to the large amount of acting forces, only the equilibrium of the resultants has been considered in terms of its longitudinal components, along the humeral and transversal axis, which are perpendiculars to that axis. A spatial representation of the forces has been set out, lowering the humeral axis, as outlined, and projecting the forces on each coronal and sagittal planes for a better visualization.
The transverse projections are the ones generating a couple which makes the humeral, the scapula or the clavicle spins on the sought plane. The longitudinal and transverse components of the weight also contribute on the equilibrium of each position.
Results
60º flexion
A 60º flexion is made on the sagittal plane, equilibrating the agonist and antagonist muscles. The deltoid muscle is divided into eight pieces or fascicles (I-VIII). The I and II fascicles forms the anterior bundles, the III fascicle forms the medium bundle, and the IV, V, VI, VII, VIII fascicles form the posterior bundles (Kapandji, 2012) .
Amongst the muscles involved in flexion, the most determining is the deltoid muscle (anterior fibres). The latissimus dorsi's fibres suffer a similar antagonistic reaction, being higher in terms of force than the other antagonist muscles. The muscles of the rotator cuff have a small antagonist role on this amplitude of flexion, exercising a more stabilising role, preventing the arm from performing an adduction instead of a flexion, this is, to leave the sagittal plane. In table I the forces of each muscles involved in the flexion are identified. In the three equilibrium positions, the elongations of each placed fibre are measured, belonging to a section of the muscle to study. The axial force that each fibre applies is obtained based on the traction, moving the bone elements. Elongations are measured in the significant muscles, this is, primary of each motion, as well as some secondary muscle to demonstrate its auxiliary function on each equilibrium position. In any position which may set up, the equilibrium equations (Equations (2) - (4)) on the space must be complied:
Figures 8 and 9 represent the longitudinal axis of the arm, both pectoral and deltoids are inserted on it, whereas the coracobrachialis muscle makes it more medially. The ICR of the motion is taken as the origin of coordinates, in which the antagonist muscles are inserted. The resultant of the opposites to the motion is called Rt and the resultant of the motors is called Ft. The force performed by the supraspinatus muscle is bigger than the deltoids one, possibly due to the abduction degree of this position on equilibrium. The subscapularis and teres minor muscles play a clear antagonist role, whereas the infraspinatus muscle has neutral and level motor fi bres, which are in the upper half of the fossa. In Figure 10 the muscular actions are shown along the humerus. On the scapula plane is made a 60º abduction, balancing the agonist and antagonist muscles. The same methodology as in 60º fl exion is followed. The resultant forces for each muscle are identifi ed in Table 2 . Figure 11 shows a spatial representation of the muscular actions along the longitudinal axis of the humerus. The deltoid muscle is inserted on it, as well as the muscle of the rotator cuffs on a realistic simplifi cation of reality.
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Abduction and 30º fl exion
A 30º front adduction is made on the coronal plane. The resultant forces for each muscle are identifi ed in table 3. Figure  12 shows the muscular actions performing a higher force for the 30º adduction and fl exion, whereas in Figure 13 is represented the forces spatially. On this equilibrium position, the sternal portion of the pectoralis major muscle is able to perform abduction on its own. The coracobrachialis muscle barely supports it. The contribution of the latissimus dorsi and the teres major on an adduction and fl exion is as antagonist. 
Discussion of the results
The physical model of the shoulder complex is very close to reality, since it has 12 real DoF. It allows performing movements such as abduction, fl exion, adduction and extension. It was found that it has 3 DoF for each of the following joints: scapulothoracic, sternoclavicular and acromioclavicular. Therefore, the model faithfully represents the anatomy and allows joint kinematic and kinetic studies. The force data contribution of the muscles in the three equilibrium positions presented are valid and equivalents to other studies such as Barden et al. (2005) , and Escamilla et al. (2009) , which shows a similar pattern. Barden et al. (2005) carried out a study to investigate the muscle activity of the shoulder in subjects with multidirectional instability using electromyography. In the abduction position of the shoulder, the deltoid and the supraspinatus are the muscles that mainly contribute on this equilibrium position. This matches the results of the physical model.
By comparing the results with Nordin et al. (2004) , the weight of the shoulder complex tested is 347 grams (gr), so, in the equilibrium of moments according to the three spatial axes in the glenohumeral joint, taking the same simplifi cations, it is obtained 41,3 N of equivalent force for the deltoids muscle in a 90º abduction and 35,8 N at 60º. The full analysis is observed in Figure 14 . The results obtained in the physical model are similar to the ones calculated with this theory: the resultant force is 34.8 N, the deltoid muscle acts as agonist and the teres major, which Nordin et al. does not specify as antagonist. In the studied equilibrium position, the following muscles also act as agonist: the supraspinatus, the long head of biceps brachii, the subscapularis and the infraspinatus muscles.
The normal force to the humeral axis is calculated on the basis of the contributions of Nordin et al. (2004) . In the study of the physical model for a 60º abduction, the result of this force is 2,86 N and in the level of measurement by Negrete-Mundo & Torres-Zavalab (2016) it is 3,15 (Kg/N). By comparing the normal force with this last study, it is similar to the non-dominant arm of the 46-56 years feminine group, the average of which is 3,19 (Kg/N).
Between the biomechanical models related to the shoulder, Park (1977) has analysed the muscular action of the anterior, medium and posterior deltoid bundles, which are 22 N, 95 N and 49 N, respectively. This data is obtained by using the electromyography technique in six healthy volunteers. Although in absolute terms his results differ from the ones of this study for a physiological abduction (10 N, 21 N and 4 N), special attention should be given to the fact that it matches the middle fi bres are the ones with greater activity. The greatest difference is in the posterior bundles, possibly due to the fact that the tested abduction is made on a physiological plane.
abduction and fl exion, because the chains cannot represent the muscles in all their physiological characteristics. Nevertheless, as the aim of this model is a kinematic and kinetic analysis, and not a dynamical one. It was found that the chains are useful for the representation of the muscular fi bres and they represent a proper length.
The action of the muscles as agonist and antagonist corresponds exactly to the literature in two equilibrium positions: 60º fl exion and 30º adduction and fl exion. However, in the physiological abduction there is a difference between the subscapularis and the infraspinatus muscles, in the physical model, they are agonist (Drake et al., 2009) .
The model presents some stiffness when making bigger amplitudes than 60º at abduction and fl exion, whereas the current ISB standard of the comparison of scapular local coordinate systems reported scapular orientations with decreased internal rotation, decreased upward rotation and increased posterior tilt (Ludewig et al., 2010) .
The current models have proved to be useful tools for a number of medical applications. Recent progresses are directed towards adding complexity to the models (structure, inputs or morphological data) (Bolsterlee et al., 2013) . The kinematics based physical modelling represents, quite accurately, the shoulder complex. It is therefore essential for teaching applications the anatomy and classify the muscular fi bres of the shoulder joint.
Hurov (2009) presents a review of current concepts, the muscles involved in fl exion and abduction are comparable with the experimental analysis of the current study.
Conclusions
The built physical model is versatile and easily manipulated and represents, above all, a model for teaching applications on anatomy and shoulder biomechanics. Moreover, it is a valid research tool on the muscular actions associated to the shoulder motions. It has three DoF for each joint (glenohumeral, scapulothoracic, sternoclavicular and acromioclavicular) and allows to perform shoulder joints kinematics studies.
The forces and contribution of each muscle involved in the equilibrium position have been identifi ed: 60º fl exion, 60º abduction and 30º adduction and fl exion. The information is relevant regarding to the muscles that perform the motion, and to the ones that oppose it, helping to equilibrate a position.
At the moment, there are no physical studies simulating most of the muscular fi bres of the shoulder joint complex in real scale, and it is a starting point for future researches using this methodology. Two limitations exist in this study. The fi rst is that the tested physical model has a weight of 9 kg, in comparison with the theoretical models, which start on an average weight of a person of 70 Kg (Park, 1977; Nikooyan et al., 2010) . The second limitation has turned out to be the stiffness of the model on motion amplitudes bigger than 60º on
